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ABSTRACT 



In radio transmission of binary' data, it is often 
desirable to conserve bandwidth at the expense of signal 
power. To reduce carrier bandwidth (switching rate) , h bits 
are used to change a parameter of the carrier, so the 

M 

carrier has 2 " discrete combinations of amplitude, 
frequency, or phase. A common form of M-ary data 
transmission is composite amplitude shift keying (ASK) and 
phase shift keying (?S K) . 

This report considers a simple circuit which can be used 
to generate any arbitrary composite ASK and PSK carrier. 
Circuit operation is described and measured performance 
presented. To determine the noise behavior of particular 
types of composite ASK and PSK, a demodulator and error 
counter was built and used. Results are presented as curves 
cf probability of error as a function of demodulator input 
signal to noise ratio. 
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I. INTRODUCTION 

A. 03JECTIVB 

The objective of this study is to investigate the 
operation of an analog multiplexer when used to generate 
composite amplitude-shift keying (ASK) and phase-shift 
keying (?SK) carriers, sometimes called quadrature amplitude 
modulated (QAM) carriers, when the message is digital data. 
The analog multiplexer modulator is a simple circuit which 
uses inexpensive components. This circuit also has the 
potential of improving the noise performance of digital 
communication systems by conveniently allowing the 
generation of a variety of modulation formats. 

E. BACKGROUND 

Digital communication systems assume increasing 
importance as the use of digital systems expands. As the 
number of installed or planned digital systems increases, 
the cost of individual components and the performance of the 
system become increasingly important. 

The noise performance of a digital communication system 
is largely determined by the modulation scheme since the 



modulation scheme determines the decision regions the 
receiver must resolve. The simplest modulation scheme is 
binary in which one of two possible signals is transmitted 
during each signaling interval. Higher data rates can be 
achieved over a channel of limited bandwidth at the expense 
of increased transmitter power by increasing the number of 
possible signals. In an h-ary scheme one of ?! possible 
signals is transmitted during each signaling interval. Each 
of the M possible signals represents a combination of N data 
bits where M = 2' . Each possible signal is a symbol in the 
h-ary message and is uniquely identifiable by its amplitude 
and phase combination. 

Typical a -ary modulation schemes transmit particular 
nodulated carriers such as quadrature phase shift keying, 
8-phase shift keying, and 16-level composite amplitude and 
phase shift keying [Saf. 1]. An example of an M-ary scheme 
is the composite ASK and PSK scheme in which the carrier 
amplitude may be A or 2A and the phase may be 0° or 130°. 
Four possible symbols may be transmitted each of which 
represents two data bits. Figure 1.1 is the block diagram 
of such a digital modulator. The input is a data stream; 
the output is a modulated sinusoid. The coding scheme is 
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arbitrary, but the truth table in Fig. 1.2 is used for this 
example. Given this coding scheme and the data stream d (t) 
in Fig. 1.2, the modulator generates the voltage waveform 
v ( t ) in Fig. 1.2. Figure 1.3 is the circuit diagram of a 
2-phase, 2-amplitude digital modulator. 




Figure 1.1. 2-Phase, 2-Amplitude Digital Modulator Block 
Diagram 

The typical modulation schemes may not be optimum. The 
modulator in this study permits the transmission of a 
carrier having an arbitrary ASK and ?SK format. Ose of this 
modulator permits the experimental investigation of the 
noise performance of any type of ASK, ?SK, or combined 
modulation. Determination of the optimum type of modulation 
is the subject of future studies. 
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Pig. 1.3. 2-Phase, 2 -Amplitude Modulator Circuit Diagram 
C. SUMMARY 0? RESULTS 

The conclusion from this study is than the analog 
multiplexer is suitable for use as a modulator. These 
modulators allow the transmitted phasors to be placed 
arbitrarily. The modulators are simple circuits using 
inexpensive components. 

The following chapters of this report deal with the 
multiplexer, the modulator, and the experimental method. 
Chapter II is an examination of the analog multiplexer. 
Chapter III describes modulators using analog multiplexers. 
It describes amplitude modulators, phase modulators, and 
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composite amplitude aad phase modulators. The m 
modulator circuit described can transmit up to 
from which 8 may be arbitrarily chosen, 
describes the system and methods used to test the 
and gives the results of these tests. Chapter 
the conclusions and suggests further studies. 



ost general 
81 phasors 
Chapter IV 
modula tors 
V contains 
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II. THE ANALOG MUL TIPLEX ER 

The analog multiplexer used in this investigation is the 
4051. No attempt is made to compare its performance with 
other multiplexers. This chapter considers the suitability 
of the analog multiplexer as a modulator. The first section 
discusses required ch arac teristics and the second section 
the measured performance of this specific multiplexer. The 
conclusion is that the 4051 is a suitable device at the 
carrier frequency and switching rates used in this 

invest igat ion. 

A. REQUIRED CHARACTERISTICS 

The minimum requirements for a multiplexer to function 
satisfactorily as a carrier modulator are negligible 

amplitude distortion, negligible phase shift, negligible OFF 
current, uniform switch characteristics, a fast switching 
capability, and negligible undesirable transients. 

Amplitude distortion is a function of the ON resistance 
of the switch. If the ON resistance varies with the applied 
voltage, the switch will distort an applied sinusoid. Ir. a 
circuit that sums sinusoids the effects of such amplitude 
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output of the amplitude and 



distortion will appear at the 
phase detectors as increased noise. The ON resistance of a 
given switch should be constant for the range of applied 
voltages. Circuit adjustment will be simplified if the set 
of switches also has uniform ON resistance. 

Negligible phase shift in the multiplexer is essential 
in this phase modulator circuit. Since the switches in the 
analog multiplexer are electronic, there is potential for 
phase shift through the integrated circuit. Phase shift 
will be negligible if it is constant regardless of the 
applied voltage at the frequency used. Phase shift should 
be uniform across the set of switches. 

The OFF current must be low since any leakage will 
appear as a phase shift when summed with another sinusoid. 

The switch must be fast enough that the sinusoidal 
carrier can be switched at the data rate. 

Undesirable transients must be removable by filtering 
without affecting the information content of the signal. 

3. MEASURED PERFORMANCE 

The National Semiconductor Analog Integrated Circuits 
manual advertises the 4051 as having lew ON resistance, 
typically about 30 ohms, with the switches matched to about 
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rivs ohms [Ref. 2]. The OFF resistance is claimed to be 
high with input leakage currents typically 5 pA. The 
sw inching time from control input to signal output is stated 
as about 400 ns and the time from INHIBIT input to signal 
output is typically 550 ns. The control lines are TTL 
compatible with binary address decoding on the chip. 

Four switches of a 4051, tested in detail in the circuit 
of Fig. 2.1, showed the ON resistances in Fig. 2.2. The ON 
resistance varies less than three ohms for input voltages 
under IV. If other resistors in the circuit are much 

larger than this three ohm variation, amplitude distortion 

will be negligible. 

The 4051 in the test circuit of Fig. 2.1 showed no 
discernable phase shift either in superimposed input/output 
sinusoid displays or in Lissajous patterns. Figure 2.3 is a 
dynamic display of a Lissajous pattern showing the output 
from a 4051 with seven inputs grounded and a 30 kHz signal 

applied to the other. The switching rate is 10 kHz. For 

the purposes of this modulator, the phase shift across a 
4051 can be considered to be zero radians. 

The OF? resistance of the 4051 is high, but a precaution 
must be observed. The input and output circuits must be 
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Fig. 2.1. ON Resistance Test Circuit 

isolated. 3ith a 0. 7 13 V, 30 kHz sinusoid applied to all 
eight inputs and with the chi? INHIBIT low, the output 
across a 1063 ohm resistor is 0.628 V. *ith the INHIBIT 

high the output is 0.31 mV. By carefully isolating the 
incut and output circuits, this leakage can be reduced to 
less than 0.2 mV. it is important that this leakage he low 
for the circuits that follow. 

The turn-on and turn-off tines as controlled by the chip 
INHIBIT are 500 ns and 600 ns respectively. 

Some transients were observed at the switching times. 
These transients were removed by the filters discussed in 
Chapter III. 
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Fig. 2.2. ON Resistance of the 4051 Switches 

The 4051 is suitable for use in this investigation. The 
carrier frequency of 30 icHz can be passed with negligible 
amplitude distention and phase shift as long as the 
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Fig. 2.3. Multiplexer Phase Shift 

.it ude is not greater than 1 7. The leakage current is 
if input and output circuits are isolated. The switches 
quite uniform. The observed transients can be removed 
altering. A data rate of 1 kHz is well within the 
c’ning capability of the 4051 . 
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ANALOG MULTIPLEXER MODULATOR 



The value cf an analog multiplexer as a digital 

modulator Ires in its ability to select rapidly among 
pre-set signals. This chapter describes switching 

modulators tor M-arv phase, amplitude, and composite 

phase-amplitude systems. The last section describes a 
general analog multiplexer modulator which can generate up 
to 81 points on the phase plane from which any eight may be 
selected arbitrarily using 4-bit control codes on the 
modulators . 



A. PHASE MODULATOR 



Phase modulation with an 
selection of one of a set o 
phase relationships. The di 
modulator which may transm 
selected by the combination 
single low-cost integrated 
obvious advantage over more 
to pre-set and control precis 
also advantageous. A dis 
switching is the phase discon 



nalog multiplexer involves the 
sinusoids with predetermined 
gram in Pig. 3.1 represents a 
t any cf four sinusoids as 
of data bits. The use of a 
ircuit as a modulator is an 
omplex circuits. The ability 
ly the phase shift circuits is 
dvantage of discrete phase 
inuity at switching time. 
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Data 

Fig. 3.1. Phase Modulator Block Diagram 

The performance of a 4-phase modulator is shown in 
rig. 3.2 through Fig. 3.4. Figure 3.2 is a photograph of 
the output of a 4-phase modulator with a 30 kHz carrier and 
data switching at 5705 Hz. Figure 3.3 is a photograph of 
the 16 - im es expanded display of the transient that occurred 
at the center of Fig. 3.2. This transient was removed by a 
bandpass filter. Figure 3.4 is the output of a 4-phase 
modulator with a 30 kHz carrier and a 10 kHz switching rate 
shewn with the data clock superimposed. The phase 

transitions are rapid with negligible distortion. 
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Time 20us/div 



Voltage 



0.5V /div 



Pig. 3.2. Phase Modulator Output 




Pig. 3.3. Phase Switching Transient 
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Fig. 3.4. 4-Phase Modulator Output 



3. AMPLITUDE MODULATOR 

Amplitude modulation may also 
analog multiplexer. Ir. this case 
voltage divider (Fig. 3.5). Th 
resistor which, with R, establishes 



be done simply with an 
we select, a predetermined 
e data bits select the 
the output amplitude. 



The performance of a 4-amplitude modulator is shown in 

Fig. 3.6 and Fig. 3.7. At the transition point of Fig. 3.6 

there is a transient similar to that seen in the phase 

modulator. This transient is removable by filtering. The 

carrier frequency is 30 kHz and the switching rate is 9 kHz 

in Fig. 3.6 and 1 kHz in Fig. 3.7. The amplitude 

transitions are rapid with negligible distortion. 
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Pig. 3.5. Amplitude Modulator Block Diagram 




Fig. 3.6. Amplitude Modulator Output 
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Fig. 3.7. U -Amplitude Modulator Output 

C. COMPOSITE AMPLITUDE AND PHASE MODULATORS 

Composite amplitude and phase modulation with analog 
multiplexers car. be done many wavs. One way is to select 
among sinusoids of pre-set phase and amplitude as in the 
phase modulator described above. This, however, is rather 
restrictive. Two multiplexers in combination provide more 
flexibility. 

1. Phas e , ^Amplitude Modulator 

Figure 3.3 is a block diagram of a modulator that 
combines the phase and amplitude functions. In this 
arrangement any of four amplitudes at any of four phase 
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angles may be selected. The output can be a 16-ary signal. 
The four phase angles and the four amplitudes may be pre— set 
to take advantage of the properties of the transmission 
system . 




Fig. 3.3. 4-phase f ^-amplitude Modulator Block Diagram 

The performance of a 4-phase, 4-amplitude modulator 
is shown in Fig. 3.9 and Fig. 3.10. Figure 3.9 is the 
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output with a 30 kHz carrier and a 10 kHz switching rate 
w -th periodic data switching both phase and amplitude 
simultaneously. Figure 3.10 is the output with a 1 kHz 
switching rate. Again the transitions are rapid with 
negligible distortion. 




Fig. 3.9. 4-9hase, 4 -Amplitude Modulator Output - 10 kHz 

Some observations are in order. Any number of phase 
angles and amplitudes may be generated. This number is 
limited only by the number of inputs on the multiplexer. If 
there were a need to do so, additional capacity could be had 
by using the INHI3IT control of the multiplexer to select 



30 




Fig. 3.10. 4-?hase, 4-Amplitude Modulator Output - 1 kHz 

among chips. I- is possible no carry separate data streams 
in the amplitude and phase of the signal, but it may not be 
desirable because of the significantly larger probability of 
error in the amplitude detector as compared with the phase 
detector. It would also be possible to clock the lata 
inputs to the two multiplexers at different rates. 

Figure 3.11 is the circuit diagram of a 4-phase, 
4-aaplitude modulator. The voltage follower in the output 
buffers the voltage divider. The output amplifier matches 
the voltage level to the channel. Details of the 4-phase 
source and channel are in Appendix A. Table I shows the 
control truth tables. 
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Fig. 3.11. 4-Phase, 4-Amplitude Modulator Circuit Diagram 



TABLE I 

4-Phase, 4-Amplitude Modulator Truth Tables 
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• Ge nera 1 Analog Mul tiplexer Modulator 

The modulators described earlier have limited 
flexibility in p has or placement. There is another class of 
analog multiplexer modulators that gives greater 
flexibility. Figure 3.12 is the block diagram of this 
general analog multiplexer modulator. 

The general analog multiplexer modulator output is 
the sum of two sinusoids. The data inputs are the address 



lines on 


a ROM wh 


ich is programmed to 


select the 


i nput 


sinusoids 


nece ssary 


to sum to the desired 


output . 


Figure 


3. 13 is 


a phase 


plane diagram of one 


possible 


output 


const ellat 


ion from 


this modulator. If, for 


exa mple. 


we wish 



to transmit the phasor designated "P" in Fig. 3.13, we 
select the cosine input weighted "C" and the sine input 

weighted "I". The modulator sums these two sinusoids giving 

a sinusoid with the amplitude and phase indicated by phasor 
"?" . 

The flexibility cf the modulator lies in its ability 
to sum sinusoids with any pre-set coefficients. There is no 
reason the input coefficients must be equally spaced as 
drawn. They may be any value. The use of the INHIBIT 

control allows one to place the phasor on an axis, evsr. at 

the origin if desired. 
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Figure 3.12. General Analog Multiplexer Modulator Block 
Diagram 

While the modulator in Fig. 3.12 has 25 possible 
output phasors, only four are arbitrary. Once one 
coefficient is fixed, one component of five phasors is 
fixed . 
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General Analog Multiplexer Modulator 
Phase-Plane Diagram 



The 4051 analog multiplexer used in this 

investigation has eight inputs. This capability expands the 
potential illustrated in Fig. 3.13 to nine points including 
rerc on each axis for a total of 81 possible phasors with 
eight arbitrary. The number of arbitrary phasors can be 
made as large as we please by increasing the number of 
multio lexers and oh a naira the ROM to select both the 



required chips and the required inputs. 
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of one imp ie mentation of the general 



The circuit 

analog multiplexer modulator is shown in Fig. 3.14. The 
experimental circuit was aligned for a 4-phase, 4-amplitude 
output like that produced by the modulator in Section 3.C.I. 
The ROM was also programmed to give the same constellation 
rotated 45°. These patterns demonstrate the flexibility of 
the modulator while remaining compatible with the receiver 
previously constructed. Appendix A gives the details of the 
experimental circuits. Appendix 3 describes the programming 
of the ROM. 



The voltage followers 
voltage dividers. The output 
and reduces the voltage to a 
channel. 

The performance of the 
modulator with periodic data is 
random data in Fig. 3.16. Th = 
symbol rate is 1 kHz. The obs= 
with negligible distortion. 



in Fig. 3.14 buffer the 
amplifier sums the sinusoids 
level compatible w ith the 

general analog multiplexer 
shown in Fig. 3.15 and with 
carrier is 30 kHz and the 
rvable transitions are rapid 
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Di agraa 
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Figure 3.15. General Analog Multiplexer Modulator Output 
Periodic Data 




Figure 3.16. General Analog Multiplexer Modulator Output 
Eandon Data 
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IV 



EXPERIMENTAL METHOD 



Both the 4 -phase, 4-amplitude modulator and the general 
analog multiplexer modulator were built and tested. The 
4-phase, 4-amplitude modulator transmits the phase plane 
constellation shown in Fig. 4.1. The general analog 

multiplexer modulator transmits both the constellation in 
Fig. 4.1 and that in Fig. 4.2. Both modulation schemes are 
the same since the 45° rotation is with respect to an 
arbitrary reference. Each of the 16 symbols represents four 
bits of data. 

The objective of the test was to determine if the 
modulators, constructed as simply as Chapter III suggests, 
would perform well enough to warrant further investigation. 
The results support the basic concept. Further 

investigation with this flexible modulator concept is 
warranted. 

The following sections describe the experimental system, 
the experimental procedure, and the experimental results. 
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Fig. 4.1. Experimental Phase Plane Constellation 



A. EXPERIMENTAL SYSTEM 



Figure 4.3 
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anal plus noise. 


and 


counting erro 
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rscsivor 1 


output. Appendix 


A 



describes the experimental system in detail. 
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Pig. 4.2. Experimental Phase Plane Constellation 

The data source is a 16-stage feedback shift register 
which generates a pseudo-random sequence 65535 bits long. 
The data rate is 4 kHz. This data, with a random starting 
point for each test run, is presented four bits at a time to 
the modulator which transmits a carrier at an amplitude and 
phase that represents the four-bit symbol. The symbol rate 
through the transmission system is 1 kHz. The carrier 
frequency is 30 kHz. 

4 1 




Fig, 4. 3. Experimental System 

The transmitted symbol passes through a channel with a 
variable signal to noise ratio. The output power level of 
th<= modulator is fixed at a predetermined value. The signal 
to noise ratio in the channel is varied by changing the 
input noise level. The signal to noise ratio is measured at 
the input to the detachers with an RMS voltmeter (HP 3400A). 
Signal and noise are measured separately with the other 
input grounded. The idle channel noise was measured with 
both carrier and noise inputs grounded and determined to be 
at least 50 d3 below the signal level. 
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An error detector compares bit by bit the data estimate 
from the receiver with the transmitted data and records the 
differences as errors. 

5. EXPERIMENTAL PROCEDURE 

The objective of the experimental procedure was to 
produce curves of the probability of error versus signal to 
noise ratio over a probability of error range of about 10~ 2 
to 10~ s . The procedure for taking data was the following: 

1. The carrier level at maximum amplitude was fixed at a 
level well within the dynamic range of system 
components and recorded. This level was constant for 
all test runs. 

2. The noise level was set to a value within the range of 
interest and recorded. 

3. Continuous random data was sent through the system. 

4. The error detector counters were reset to zero and 
started. The counters stopped after 100,000 data bits 
had been examined. The number of errors in 100,000 
bits was recorded. 

5. Step 4 was repeated three times. 

6. The errors in four runs were summed and the 
probability of error was computed. 

7. Steps 2 through 6 were repeated for various signal to 
noise ratios sufficient to generate the desired 
performance curves. 

The experimental results are given in the next section. 
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EXPERIMENTAL RESULTS 



Data taken with the procedure outlined in the preceding 
seer ion is summarized in the curves displayed in Fig. 4.4 
through Fig. 4.6. All three figures show the measured 
probability of error of the composite system and the 
detectors separately. Figure 4.4 is the set of curves for 
the 4-phase, 4-amplitude modulator of Section III.C.1. 
Figures 4.5 and 4.6 are the sets of curves for the general 
analog multiplexer modulator transmitting the constellations 
of Fig. 4.1 and Fig. 4.2 respectively. 

The curves shew differences, but they also show strong 
similarities. The composite curves are within 2 a3 at a 
10 ~s arror rate. The differences are the result of 
alignment variations in the receiver where a few millivolts 
change in a threshold or offset adjustment made a 

significant difference in performance. The magnitudes 
expressed in the curves show that the receiver is not 
optimum. A conclusion one should draw from the curves is 
that the two classes of modulators are comparable. Another 
conclusion is that the overall performance is such as to 
warrant further study. 



44 



Probability of Error 




Fag, 



4-Phase, 4- Amplitude Modulator 
Probability of Error versus Signal to Noise Ratio 
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4.4 




Modulation Scheme cf Fig. 4.1 

Fig. 4.5. Probability of Error versus Signal to Noise Ratio 
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Fig. 4.5 



7 



CONCLU SIGNS AND El^CJIMENDAr I ONS 



The analog multiplexer is a suitable device for a 
digital modulator at the carrier frequency and data rate 
used in this research. It switches the carrier rapidly with 
negligible distortion and generates only removable 



transients . 

The two classes of modulator built for this 
investigation perform well. The outputs of the 4-phase, 
4-amplitude modulator and the general analog multiplexer 
modulator are comparable for a given modulation scheme. The 
general analog multiplexer modulator, however, allows more 
flexibility in the placement of phasors. There is no 
inherent limit to the number of arbitrary phasors one can 
generate. Both modulators are simple circuits using 



rnexDensrve comconents. 



Some suggestions for further study follow: 

1. Seek higher carrier frequencies and faster symbol 
rates . 

2. 'Jse the flexibitity of the general analog multiplexer 
modulator to study optimum phascr placement in terms 
of lowest cost-detection probability of error. 

3. Given optimum phascr placement, determine the optimum 
data - 1 o- ph asor coding scheme. 
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and amplitude 



h. Look at the effects of switching phase 

with independent data streams on independent 

5. Look at the security and receiver addressing 
of switching modulation schemes. 

6. Determine if switching modulation schemes t 
the system dynamically improves the b 
performance over a system with a fixed 
scheme. 



clock s. 
poten tial 

o optimize 
it error 
module rion 
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APPENDIX A 



THE EXPERIMENTAL SYSTEM 



A. OVERVIEW OF THE EXPERIMENTAL SYSTEM 

The experimental system consists of a transmission 
system, a test system, and a timing system. The 
transmission system contains the modulator, channel, and 
receiver (Fig. A.1) . The test system has a data source and 
an error detector. The timing system provides clocking for 
both the transmission system and the test system. The 
following sections of this appendix describe each system. 




Fig. A.1. Experimental System Block Diagram 
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TRANSMISSION SYSTEM HARDWARE 



A complete transra ission system is used to test the 
operation of the modulator (Fig. A. 2) . The transmitter is 
just the modulator which is discussed in detail in Chapter 
III. The channel adds white Gaussian noise ^.o the signal, 
bandiimits the sum, and provides level adjustment before the 
receiver. The receiver has both amplitude and phase 
detectors. Timing signals are from the common timing 
system. The following sections describe the channel and 
receiver. 
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Fig. A. 2. Transmission System 31ock Diagram 
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The transmission channel consists of a noise summer, 
a bandpass filter, and a predetector level adjusting 
amplifier {Fig. A. 3). 



Noise 




Fig. A. 3. Transmission Channel Block Diagram 
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Fig. A. 4. Noise Summer Circuit Diagram 



b. Bandpass Filter 



The ideal bandpass 
signal power and limit noise p 
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the signaling rata ar.d the modulation scheme. This system 
operates at a Symbol rate of 1 kHz with both phase and 
amplitude modulation at that frequency. The carrier 

frequency is 30 kHz. A bandwidth of 3 kHz is a compromise 
between low noise and low intersymbol interference. 

The bandpass filter design is based on the 

procedure of Helburn and Johnson [Ref. 3]. The Q of the 
resulting filters is higher than that indicated in the 

procedure. Using a gain of 2 and a Q of 6 rather than a Q 

of 10 as indicated by the ratio of bandwidth to center 
frequency resulted in the circuit in Fig. A. 5. The variable 
resistors permit some adjustment of the center frequency. 
They are adjusted for a maximum output with an unmodulated 
30 kHz input. 



by sweep! 
a storage 
The 3 13 



Fig. A. 7 
the spect 



The trar.sf 


er function of 


the filter, 


gener ated 


the input 


frequency and 


recording the 


output on 


splay spec 


trum analyzer. 


is shewn in 


Fig. A. 6. 



points are 28.5 and 31.5 kHz. 

The performance of the filter is shown in 
where the spectrum of the input noise is shown with 
rum of the filter output and in Fig. A. 8 where the 



spec* rum of the amplitude and phase modulated input signal 
is shown with the spectrum of the filter output. 
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Fig. A. 5. 3andpass Filter Circuit Diagram 

The signal cun or the bandpass filter is shown 
in Fig. A. 10. The input signal was the general analog 
multiplexer modulator 4-phase, 4-amplitude signal shown in 
Fig. A. 9 which is similar to Fig. 3.15. 



c. Predetection Amplifier 

The predetection amplifier (Fig. A. 11) sets the 
level of the signal into the detectors. There are two 
ad justaents. 

The gain of the first stage controls the level 
of the AC signal to the detectors. The level out of the 



bar. dp ass filter 



abo ut 1.5 7 (p-p) . 



The desired level into 
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Fig. A. 7. 
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Fig. X. 8. 
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?igure A. 9. 



General Analog Multiplexer Modulator Output - 
Periodic Data 







Voltage- 

430mV/div 



» >i J n ,i i... i * ..I i i 

Time 1 . Oms / di v 



?ig. A. 10. Bandpass Filter Signal Ou 
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Fig. A. 11. Predetection Amplifier Circuit Diagram 

the envelope detector is 2.5 7 ( p — p ) . The input to the phase 
detector is not critical at this stage since it is further 
ampli f ied. 

The DC adjust on the second stage biases the 
signal above the diode drop of the envelope detector. 

2. Receiver 

The receiver has detectors to extract data from the 
amplitude and phase information cf the input signal 
(Fig. A. 12) . The next paragraphs treat the two detectors, 
a. Amplitude Detector 

The amplitude detector is an envelope detector 
followed by a lew pass filter, a decision circuit, and a 
decoding circuit (Fig. A. 13). Each is described below. 
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Fig. a. 12. 



Receiver Block Diagram 
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Fig. A. 13. Amplitude Detector Block Diagram 
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(rig. A. 14) . The diode has a voltage drop of about 0.8 V 
that sust be overcome to get an output. If the input signal 
voltage is symmetric about zero, the low level envelope step 
will be reduced compared to the other steps (Fig. A. 15). 
With a properly chosen threshold, this probably would not 
cause a problem, but for ease in setting the thresholds, the 
input signal is biased to be symmetric about the diode 
voltage (Fig. A. 18). This is done at the predetection 
amplifier (Fig. A. 11). 




Figure A. 14. Envelope Detector and Low Pass Filter Circuit 
Di agr am 

The RC time constant of the envelope detector is 
about 0.3 ms cr three times the symbol period. 
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Pig. A. 15. Effect of Envelope Detector Diode Drop 



The breakpoint of the low pass filter transfer 
function is 2600 Hz. 
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input levels bet 


: wee n 0 and 4 V. The range and DC bias are 


set to give 


the voltage levels indicated on the 


representative 


waveform in Fig. A. 17. Figure A. 18 is a 


photograph of 
comparators. 


the actual waveform at the input to the 


The 


thresholds are the midpoints between levels 



which one would expect assuming Gaussian noise. 



Measurements o: 


: bit error rates versus threshold voltage 


confirmed the 


midpoint threshold within experimental 


accuracy (Fig* 


A. 19). Note the probability of error 


variation with 


only a 0. 1 7 change in threshold voltage. 



The final threshold values used in the experiment are shown 
in Fig . A. 1 7 . 



The 


three comparator outputs from the decision 


circuit carry 


the estimate of two data bits encoded 


according to tr 


le truth table in Fig. A. 20. Data bit A 


follows threshol 


.d 2 exactly, so only data bit 3 needs to be 


decoded. That 


is done using a 74151, one-of-eight data 
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as in Fic. A. 20. 


inputs 1 and 7 high and all others grounded 
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. Amplitude Decision Circuit Diagram 
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Fig. A. 17. Aaplitude Decision Circuit Input Levels 
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Fig. A. 18. Aaplitude Comparator Input Signal 
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Fig. A. 19. Eit Error Rate versus Threshold Voltage 



b. Phase Derector 



multiplier 



The phase detector is a two- chattel coherett 
followed by a lovpass filter, a decision circuit. 



at d a decoding circuit (Fig. A. 21). Since the circuitry and 
operation of the it- phase and quadrature channels are the 
sane except for the ref ere tee sinusoid, only the in-phase 
channel is described below. 
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cohe rent 
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Figure A. 20. Amplitude Data Decoder Truth Table and Circuit 
Diagram 



reference from the received signal. The reference sinusoids 
are taken directly from the same multi-phase source that 
supplies the transmitter. 

The signal from the preietection amplifier goes 
through a DC blocking capacitor and a voltage follower which 
isolate the ohase detector from the rest of the system 
(Fig. A. 22 
in trod uc ed 



). A signal conditioner corrects for phase shift 
by the transmission system and removes the 
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Fig. A. 21. Phase Detector Block Diagram 

amplitude variations. The phase shift compensator can be 
adjusted by the following procedure: 

1. Transmit a sinusoid with phase reversal modulation. 

2. Compare the inputs to the multiplier using Lissajcus 
matter ns . 
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Pig. A. 22. Signal Conditioner Circuit Diagram 

3. Adjust the phase compensator to produce a display 
corresponding to phase coherence. 

A zero crossing detector removes amplitude 

information by producing a square output clipped at about 

±2.3 7 for input to the multiplier. This signal retains the 

phase information. The offset control adjusts the relative 
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Fig. A. 23. Multiplier and Lovpass Filter Circuit Diagram 

respond only to inputs between 0 and 4 v. The incoming 
signal is applied to a diode and sent to one comparator and 
it is inverted, applied to a second diode, and sent to the 
other comparator. 3oth comparators then see positive input 
voltages. The gains of the amplifiers in the system are set 
to make the input voltage range at the comparators 0 to 
3.6 7. The threshold is 1.3 7. The waveform at the 
comparator input is in Fig. A. 25 . 

The phase data decoder has as inputs the outputs 
of four comparators estimating two data bits with a straight 
binary code according to the truth table in Fig. A. 27. The 
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Pig, A. 24. Phase Decision Circuit Diagram 
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Fig. A. 26. Phase Detector Comparator Input 

decoding is by a 74148 priority encoder. The 74148 is a 
negative logic device, so all signals must be inverted. 

3. It i- Phase Source 

The transmission system requires up to six sinusoids 
of the same frequency but different phase angles for 



coherent operation. 
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ling 



the output amplitudes of the needed signals given a common 
incut sinusoid (Fig. A . 28) [Hef. 5]. 
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Figure A. 27. 





Angle 


1 


C 


f) 


Oo 


( + 450) 


1 


0 


0 


9 Oo 


( + 1350) 


1 

1 


0 


1 


1300 


( + 2250) 


I 

1 

i 


1 


0 


27 00 


( + 315°) 


1 

1 


1 


1 



Phase Data Decoder Truth Table and Circuit 
Diagram 



The input oscillator is a Hewlett-Packard HP 204C. The 
chosen operating frequency is 30 kHz. 

The circuit is constructed with 747 (dual 741) 
operational amplifiers (Fig. A. 29). These amplifiers work 
well at the frequency and amplitudes used. The variable 
feedback resistors control the gain. The variable resistors 
to ground adjust phase. There is seme interaction between 
these controls, so peaking adjustments are necessary. 
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Fig. A. 28. Multi-Phase Source Block Diagram 

Figure A. 30 shews the outputs of ar. 8-phase source 
constructed for this research with the input signal 
super imposed . 

C. TEST SYSTEM 

The test system provides test data to the transmitter, 
receives the estimate of the data from the receiver, and 
records errors (Fig. A. 31). 
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Fig. A. 29. Multi-Phase Source Circuit Diagram 
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Fig. A. 30. 8-Phase Source Output 




Fig. A. 31. Test System Block Diagram 
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Data Sour 



The data sour: e is a 16-stage pseudo-random sequence 
generator with feedback taps from stages 16, 15, 13, and 4 

(Fig. A. 32) [Ref. 6]. This connection generates a maximal 
length sequence of 65535 bits. The data generator has 
provision for getting cut of the forbidden state (all 0) by 
taking the parallel load enable high momentarily. Rarely 
was this necessary and then only on start-up. The parallel 
load enable could have been tied to the system CLEAR, but 
this was not done to randomize the starting point within the 
data sequence on each test run. 

The data source also has a serial to four-bit 



allel 


converter since 




ans miss ion syst 


em handles 


r b its 


in parallel (Fig. 


A. 33) . 


The serial 


data stream 


clocked 


into a four -bit 


shift 


register and la 


tched every 



fourth bit. The latch output goes both to the modulator and 
to the test system for later comparison with the received 
estimate. 

2. Er ror De tec tor 

The error detector detects bit errors (Fig. A. 34). 
while symbol errors may be more meaningful in an operating 
system, bit error identification in this evaluation system 
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?ig. A. 32. Pseudo-Random Sequence Generator Circuit Diagram 
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Fig. A. 33. Serial to Parallel Converter Circuit Diagram 
system. The output latch receives the estimate of the data 



from the rece 


i ve r 


dat 


a de 


coders 


at the same 


time. At the 


b^o'nr.'rg o ^ 


the folio 


wing 


symbo 1 


period the 


held and output 


shift regist 


ers 


race 


179 


the 


data from 


the respective 



latches. The output serial data clock shifts the data 
through the shift registers at 4 kHz or 4 times the symbol 
rate. Ar. exclusive-or gate compares stage 4 of the shift 
registers. A difference is presented as a high to an AND 
gate. If the data count pulse simultaneously is high, the 
error counter receives the pulse and counts an error. 

It is possible to use the error detector circuit to 
lock at a subset of the output data by making the 
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Fig. A. 34. Error Detector Block Diagram 



exclusive-or gate compare the proper stage of the shift 
registers. If, for example, the exclusive-or gate gets its 
input from stage two, only two bits will be compared during 
the svmbol oericd. Four bits will be seen by the 
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exclusive- cr gate, but since the serial input to the shift 
registers are grounded, the last two bits will always be 
low. Using this technique one can determine selectively the 
performance of the amplitude and phase modulation systems. 
It is necessary only to insure the bits of interest are 
loaded into the proper stages of the hold and output latches 
and consider the reduced number of bits being compared. 

3 . Co unt ers 

The test system has two counters, a bit counter and 
an error counter. The basic counter is a three decade 
counter and display circuit (Fig. A. 36). The error counter 
is just a basic counter with the count input coming from the 
error detector. The data bit counter has a basic three 
decade counter preceded by a two decade divider for a 
ICO, 000 bit count capacity (Fig. A.3t). The carry-ou* of 
Phe high order stage is the STOP COUNT pulse. This makes 
the system count 100, 000 data bits and the errors made in 
those 100,000 bits and stop. The count input for the bit 
counter comes directly from the system data count pulse 
source. The svstem CL EAR clears both counters. 
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Fig. A. 35. 2 rror Detector Circuit Diagram 
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Fig. A. 36. Basic Cour.tsr Circuit Diagram 
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Fig. A. 37. Data Bit Counter Circuit Diagram 
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A symbol rate of 1 kHz was chosen as a reasonable, 
illustrative rate that avoids the complications introduced 
by high speed timing. This rate corresponds to a data rate 
of 4000 bits per second or the equivalent of 500 ASCII 
characters with parity per second. The highest frequency 
required is the master clock which has only to run at 
256 kHz to give all the flexibility required. 

The required timing functions include transmitter 
and receiver symbol timing, data source clocking, and error 
detector timing. The timing diagram (Fig. A. 38) illustrates 
these relationships. References to line numbers in the 
following discussion refer to lines of the timing diagram. 
The master clock operates at 256 times the symbol period. 
The smallest definable interval is one tick (period) of the 
master clock. Ticks 0 through 255 define one symbol period. 
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Fig . A . 33 . 



System riming Diagram 



The ideal symbol (Line 1) defines a dime frame 
within which all other tiding functions must be defined. 
Given the ideal symbol, the detector output would resemble 
Line 2 and the comparator output would resemble Line 3. All 
comparators will reach their final state before the end of 
the period and will remain high for some time into the 
following symbol period. The actual waveforms are shifted 
somewhat from the ideal to avoid the edge effects at the 
symbol bour.dries. The definitive timing standard is the 
master clock. 

The master clock defines 256 ticks per symbol which 
may be divided or logically extracted to clock and time all 
system functions. Serial data must be clocked and latched 
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into shift registers, and clocked out for comparison. The 
individual bits must be counted and, simultaneously, the 
errors must be counted. All handling and counting of data 
must be timed to occur when the data are valid. 
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That 



period to tick 2 52 of the following period (Line 10) . 
provides a stable sampling of the data for the comparison 
shift registers to read. 



The comparison shift registers load on tick 2 (Line 
11) and shift at the same rate as the input serial data 
source (Line 12) . They, however, use the uncomplemented 
clock which moves the bits uniformly throughout the symbol 
period (Line 13). This uniform timing makes counting 
convenient. 

Both the bit counter and the error counter are 
enabled approximately midway during each of the four bit 
intervals within the symbol period. The timing pulses occur 
at ticks 23, 92, 156, and 220 (Line 14). Zach of these four 

ticks is counted as a data bit. An error is recorded only 
if the error detector output is high during one of these 
ticks . 

2. li^io^ S vs ten Hard ware 

The timing system has a divider and a pulse 

clocking for all sections of the 
q. A. 39) . The master clock is a 



generator to 


p rovii e 


exper inert al 


system ( 


Wavetek hod el 


142 HP 


output at 256 kHz. 



weighted outputs. The outputs from the combinational logic 

circuit are the timing pulses needed in both the 
transmission and test systems. 




Clocking Timing 

Signals Pulses 



?ig. A. 39. Timing System 3lock Diagram 



a. Clock Divider 

The clock divider is a pair of 74161 's cascaded 
with outputs from all divider stages. Seme of the outputs 
are available complemented to provide the signals required 
tv both the combinational logic of the pulse generator and 
the synchronization of the experimental system. Figure A. 40 
is the schematic diagram of the clock divider. 

b. Pulse Sene ra tor Combinational Logic 

The combinational logic curcuit is built around 
74151' s, one-o z-eigr. t data selectors, which provide a 
convenient way to generate complicated logic functions with 
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Fig. A. 40. Clock Divider Circuit Diagram 



a small 
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function 
wish AMD 



chi? count. These chips, with the use of the 
line included, can generate any four-bit logic 
The outputs of these data selectors are combined 



dates 



the specific tick 



required . 
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tc gave 



oulses 



The truth tables for the data selectors are in 
Tab. II. The outputs of the selectors are sets of pulses 
which car. be combined to give the desired output pulses. 

Figure A. 41 is the schematic diagram of the 
combinational logic that generates the timing pulses. All 
inputs come from the timer divider except the system CLEAR 
and the STOP COUNT signals. The system CLEAR is a manually 
activated clear signal used to reset the counters before 
taking data. The STOP COUNT signal is from the carry out of 
the last stage of the data bit counter. This arrangement 
counts 100,000 data bits and sets the flip flop to inhibit 
the data count Dulse output. 
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Fig. A. 41. Pulse Generator Combinational Logic 
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APPENDIX 3 
2 PROM PROGRAMMING 

The multiplexers of the general analog multiplexer 
modulator require 10 :? control lines in general than the 
number of data bits represented by each symbol. Some logic 
is necessary between the data inputs and the multiplexer 
controls. 

The modulator logic and the receiver data decoder logic 
are related. The choice of an encoding scheme is arbitrary, 
but once made, the logic at both ends is determined. While 



the logic 


can 


be realized of her ways, a 


memory 


is 


convenient . 


The 


scheme chosen for this research 


encodes 


the 


first two 


bits 


of the input symbol in the 


ampli 


t ude 



information and the last two bits in the phase information. 

The input data bits are a part of the address for a 
programmable read only memory (EPROM). The address for each 
phasor is the same as the decoded symbol each phasor 
represents (Eig. 3.1) . Each amplitude circle is binary 

numbered from lev to high. That binary number is the first 



two bits. The four phase 


ar.g 


les are binary n 


umbered and 




t VC 


bits. That 


completely 


determines the data oart of 


the 


EPROM address. 
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X 1 10 1=1 
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I 0101 = ! 



Bits (A3CD) 

Amplitude carries A3. 

Phase carries CD. 

Binary = Hexadecimal X 1001=9 

5 

X 0001=1 

1101 = 3 0110=6 | 0 100=4 1 1 00=C 

— x - X X — — x — — + - x X x X 

1 0 10 =A * 0010 = 2 0000=0 1000=8 Cosine 

X 0011=3 
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X 0111=7 
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I 

X 1011=3 
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X 1111=? 
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I 

^ Sine 

Fig. 3. 1. Phase Plane Address Codes 

The same address pattern, rotated 45°, is used for the 
rotated ohase clans constellation. Another bit in the ZPKOM 



address 


S 5 1 


acts 


bar v 


e e ?* h 9 


two constellations. 


This 


f e a t u r e 


r s 


z or 


expe 


rimertai 


convenience here, but 


it 


iliusrra 


res 


the 


fie xib 


i. 1 d r y c n, 9 


has with the general an 


alog 



multiplexer modulator. 

Given the address for each phascr, the ZPP.Otf data at 
each address is the control signal set needed to generate 
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the desired p has or . The 4051 has three switch select lir.es 
plus INHIBIT which must be controlled. For this 
two-multiplexer modulator/ an eight-bit word is needed at 
each address. Arbitrarily the first four bits control the 
cosine multiplexer and the last four bits control the sir.e 
multiplexer. The first bit of each group is the INHIBIT 



signal. The 


other thr 


ee match the binary code 


of the sw 


itch 


select lines. 


? igure 


3.2 shows the EPSON data 


pattern. 


The 


full data 


word of 


any possible p has or 


is made 


by 



concatenating the cosine and sine parts as illustrated in 
Fig . B . 3 . 

The program for the realization of the general analog 
multiplexer modulator with the constellation on the 
quadrature axes is in Tab. III. The program that rotates 
the constellation by ^5° is in Tab. IV. Figures 3.4 and 3.5 
diagram the hexadecimal address and data codes for the two 
constellations . 
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Fig. 3.5. Phase Plane Codes - Case 1 
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